Chemotherapy-induced painful peripheral neuropathy (CIPN) is the most common toxicity associated with widely used chemotherapeutics. CIPN is the major cause of dose reduction or discontinuation of otherwise life-saving treatment. Unfortunately, CIPN can persist in cancer survivors, which adversely affects their quality of life. Moreover, available treatments are vastly inadequate, warranting a better understanding of the biochemical and metabolic mechanisms that occur in response to chemotherapeutics which would be critical for the development of novel therapies for CIPN. Using extracellular flux analysis, this study demonstrated that the proteasome inhibitor, bortezomib, enhanced glycolysis while suppressing oxidative phosphorylation in the sensory neurons of mice. This metabolic phenotype is known as aerobic glycolysis. Bortezomib upregulated lactate dehydrogenase A and pyruvate dehydrogenase kinase 1, which consequently enhanced the production of lactate and repressed pyruvate oxidation, respectively. Moreover, lactate dehydrogenase A-and pyruvate dehydrogenase kinase 1-driven aerobic glycolysis was associated with increased extracellular acidification, augmented calcium responses, and pain in bortezomib-induced CIPN. Remarkably, pharmacological blockade and in vivo knockdown of lactate dehydrogenase A or pyruvate dehydrogenase kinase 1 reversed the metabolic phenotype, attenuated calcium responses, and alleviated pain induced by bortezomib. Collectively, these results elucidate the mechanisms by which bortezomib induces aerobic glycolysis. Moreover, these findings establish aerobic glycolysis as a metabolic phenotype that underpins bortezomib-induced CIPN.
Introduction
Chemotherapy-induced painful peripheral neuropathy (CIPN) is the most prevalent toxicity associated with widely used anti-cancer drugs which include taxanes, platinum-based drugs, vinca alkaloids, and proteasome inhibitors. This adverse effect can be severe enough for patients to either reduce the dosage of anti-cancer treatment or stop the treatment altogether. Unfortunately, CIPN can persist in cancer survivors negatively impacting their quality of life. [1] [2] [3] Currently, treatment options for CIPN are vastly inadequate which warrants a better understanding of the mechanisms that underpin CIPN. Hence, uncovering new mechanisms are critical for the development of novel therapeutic strategies.
Metabolism is defined as the sum of all biochemical reactions in the cell and is divided into two distinct pathways. Biosynthetic pathway, responsible for the production of complex molecules that constitute a living cell, and bioenergetic pathway, linked to energy production. 4 Moreover, metabolism is a highly dynamic process where most cells possess the ability to switch energy sources based on their bioenergetic needs. This is especially relevant to neurons which can undergo periods of elevated energy demand following action potentials. Depending on the type of neuron, a single action potential is estimated to consume 10 7 to 10 9 ATP molecules. [5] [6] [7] [8] [9] Neurons are proficient in fully oxidizing glucose and generating over 30 ATP molecules most of which are derived from the Krebs cycle in the mitochondria. Disruption of mitochondrial oxidation would result in reliance on glycolysis which is far less efficient in generating energy. This metabolic phenotype is known as aerobic glycolysis or the Warburg effect. Named after Otto Warburg who almost a century ago observed that the rate of glycolysis in cancer cells was abnormally high and only a small proportion of the resulting pyruvate was catabolized via mitochondrial oxidative phosphorylation. 10 Pyruvate that is not oxidized in the mitochondria can get converted to lactate by the enzyme lactate dehydrogenase (LDH). This reaction regenerates the cofactor nicotinamide adenine dinucleotide (NAD þ ) in the cytosol which is critical for sustaining glycolysis. Finally, lactate is extruded from a cell along with a proton leading to increased extracellular acidification. 4, [11] [12] [13] Mitochondria are the "metabolic hub" of the cell with specialized functions that include energy production, the gamma-aminobutyric acid cycle, amino acid metabolism, iron-sulfur protein synthesis, heme synthesis, fatty acid metabolism and calcium and reactive oxygen species homeostasis.
14 Moreover, mitotoxicity has been long-established as a common feature in the pathobiology of CIPN induced by taxanes, platinum-based drugs and the proteasome-inhibitors. [15] [16] [17] In recent years, the study on the role of metabolism in CIPN has been rapidly progressing where paclitaxel has been demonstrated to enhance glycolysis while reducing oxidative phosphorylation. 18 Furthermore, strategies that elevate cellular NAD þ levels either via supplementation of its precursor 19 or enhancing its synthesis 20 have been demonstrated to alleviate CIPN. However, the mechanisms by which chemotherapeutics alter the metabolism of sensory neurons and how these changes cause pain have remained elusive.
The proteasome inhibitor, bortezomib, is used for the treatment of multiple myeloma and mantle cell lymphoma. 21 Upward of 75% of patients treated with bortezomib develop CIPN. 22 This study demonstrates that bortezomib alters the metabolism of sensory neurons in a manner consistent with aerobic glycolysis. Moreover, bortezomib treatment enhanced the expression of pyruvate dehydrogenase kinase 1 (PDHK1) and lactate dehydrogenase A (LDHA) which attenuate pyruvate oxidation and enhance the extrusion of metabolites (lactate and protons), respectively. Crucially, inhibition of PDHK1 or LDHA normalized the metabolic phenotype and alleviated bortezomib-induced pain.
These findings elucidate the molecular mechanisms through which bortezomib reprograms the metabolism of sensory neurons and uncovers the mechanisms by which aerobic glycolysis causes pain-establishing this metabolic phenotype as a principal contributor to CIPN.
Materials and methods

Experimental animals
Pathogen-free, adult male ICR mice (3-4 weeks old; Envigo) were housed in temperature (23 AE 3 C) and light (12-h light/12-h dark cycle; lights on 07:00-19:00) controlled rooms with standard rodent chow and water available ad libitum. Animals were randomly assigned to treatment or control groups for the behavioral experiments. Animals were initially housed five per cage. All behavioral experiments were performed by experimenters who were blinded to the experimental groups and treatments. The Institutional Animal Care and Use Committee of the University of Maryland approved all experiments. All procedures were conducted in accordance with the Guide for Care and Use of Laboratory Animals published by the National Institutes of Health and the ethical guidelines of the International Association for the Study of Pain.
Bortezomib treatment
In all the experiments, mice were treated with intraperitoneal 0.2 mg/kg of bortezomib (Millipore Sigma, Cat # 5.04314.0001) for five consecutive days for a total dose of 1 mg/kg. 16 The vehicle group received intraperitoneal saline for five consecutive days.
Mechanical testing
Male ICR mice were placed in acrylic boxes with wire mesh floors, and baseline mechanical withdrawal thresholds of the left hindpaw were measured after habituation for 1 h using the up-down method. 23 After determining the baseline withdrawal thresholds of mice hindpaw using von Frey filaments, the mice were treated with either vehicle or boretezomib. 16 Starting on day 7, the tactile withdrawal thresholds were tested. For experiments with intraperitoneal (IP) injections, oxamate (500 mg/kg, Millipore Sigma, Cat # O2751) or dichloroacetate (100 mg/kg, DCA, Millipore Sigma, Cat # 347795) were injected at the indicated time points. For experiments with intrathecal (IT) siRNA treatments on day 7 or later, mice were tested before IT injection and the injections were done between the L4 and L5 vertebrae at the indicated time points under isoflurane anesthesia. Negative control (Millipore Sigma, Cat # SIC001), LDHA (Millipore Sigma, SASI_Mm01_00049543), and PDHK1 (Millipore Sigma, SASI_Mm01_00042115) HPLC-purified siRNAs were injected at a dose of 1 mg in 5 ml of i-Fect (Neuromics, Cat # NI35150).
Conditioned place aversion
The conditioned place aversion (CPA) apparatus consists of three opaque chambers separated by manual doors. A center chamber (60 mm W Â 60 mm D Â 150 mm H) connects the two end chambers that are identical in size (150 mm W Â 150 mm D Â 150 mm H) but can be distinguished by the texture of the floor (circular opening vs. diamond pattern mesh), wall color (black walls white ceiling vs. white walls black ceiling), and olfactory cues (vanilla vs. cherry ChapStick TM applied on a cotton swab). Movement of mice and time spent in each chamber were monitored and recorded using custom-built infrared sensors and software. Preconditioning was performed seven days following the initiation of bortezomib treatment for 30 min when mice were exposed to the environment with full access to all chambers. A single-trial conditioning protocol was used in the experiments. On conditioning day (day 2), mice first received vehicle control (IP saline) paired with a randomly chosen chamber in the morning and, 3-4 h later, IP glucose (2 g/kg in saline) 24 paired with the other chamber. Food was withheld for 3-4 h prior to the glucose administration. The mouse normal plasma glucose concentration is around 7mM, and fasting for 3-4 hours does not significantly alter these levels. After glucose injection (2 g/kg), the plasma level rapidly reaches to approximately 20 mM for about 30 min, and within 60 min, the glucose levels return back to normal. 24 During the conditioning, mice were allowed to stay only in the paired chamber without access to other chambers for 30 min immediately following saline or glucose injection. On the test day, 20 h after the glucose pairing, mice were placed in the middle chamber of the CPA box with all doors open so animals can have free access to all chambers. Movement and duration of each mouse spent in each chamber were recorded for 30 min for analysis of chamber aversion. Difference scores were calculated as (test time -preconditioning time) spent in the glucose chamber. Mice received vehicle or oxamate (500 mg/kg, IP) 2 h prior to the glucose administration. DCA (100 mg/kg, IP) or vehicle was administered 1 h prior to glucose administration.
Dorsal root ganglia dissociation
On day 10 following the initiation of vehicle or bortezomib treatment, L4-6 dorsal root ganglia (DRGs) excised aseptically and placed in Hank's Buffered Salt Solution (Thermo Fisher, Cat # 14170112) on ice. The ganglia were dissociated enzymatically with collagenase A (1 mg/ml, 25 min, Millipore Sigma, Cat # 10103578001) and collagenase D (1 mg/ml, Millipore Sigma, Cat # 11088858001) with papain (30 U/ml, Millipore Sigma, Cat # 10108014001) for 20 min at 37 C. To eliminate debris and large diameter sensory neurons, 70 mm (Thermo Fisher, Cat # 087712) cell strainers were used. The dissociated cells were resuspended in Dulbecco's Modified Eagle Medium (DMEM)/F12 (Thermo Fisher, Cat # 10565042) containing 1Â pen-strep (Thermo Fisher, Cat # 15070063) and 10% fetal bovine serum (Millipore Sigma, Cat # F2442). The cells were plated in either Seahorse XFp Cell Culture Miniplates (Agilent, Cat # 103025-100) or poly-D-lysine-coated, glass-bottomed 35-mm dishes (Mattek, Cat # P35GC-1.5-10). The primary afferent cultures were incubated overnight at 37 C in a humidified 95% air/5%CO 2 incubator.
Metabolic assays
The metabolic changes were characterized by analyzing the glycolysis and oxidative phosphorylation rates of sensory neurons using extracellular flux analyzer, Seahorse XFp (Agilent).
Mito Stress Test. On day 10, L4-6 DRGs were dissected from mice treated with vehicle or bortezomib, acutely dissociated, and incubated in the XF analyzer plates overnight which allows for the neurons to adhere to the bottom of the plates. The Mito Stress Test was performed in DMEM medium (Millipore Sigma, Cat # D5030) that contained glucose (10 mM) and pyruvate (1 mM). During the Mito Stress Test, baseline oxygen consumption rate (OCR) measurements were followed by the addition of compounds that target components of the electron transport chain in the mitochondria to reveal key parameters of oxidative phosphorylation. The compounds oligomycin (5 mM, Millipore Sigma, Cat # 75351), FCCP (4 mM, Millipore Sigma, Cat # C2920), and a mix of rotenone (2 mM, Millipore Sigma, Cat # R8875) and antimycin A (2 mM, Millipore Sigma, Cat # A8674) are serially injected to measure ATP-linked respiration, maximal respiration, and non-mitochondrial respiration, respectively. Proton leak and spare respiratory capacity are then calculated using these parameters. 12, 13 Glycolysis Stress Test. The dissociated L4-6 DRG neurons were incubated in DMEM medium (Millipore Sigma, Cat # D5030) without glucose or pyruvate, and the baseline extracellular acidification rate (ECAR) is measured. The cells were deprived of glucose for about 30-40 min. It should be noted that the DMEM medium contains amino acids that the cells utilize to maintain energetics. In addition to amino acids, the medium contains phosphates where both can serve as mild pH buffers. A saturating concentration of glucose (10 mM, Millipore Sigma, Cat #G8769) is injected to measure the glycolysis rate which is followed by the injection of oligomycin (5 mM) which inhibits mitochondrial ATP production and shifts the energy production to glycolysis, with the subsequent increase in ECAR revealing the cellular maximum glycolytic capacity. The final injection is 2-deoxyglucose (2-DG, 50 mM, Millipore Sigma, Cat # D8375), which inhibits glycolysis by competitively binding to hexokinase, the first enzyme in the glycolytic pathway. The resulting decrease in ECAR confirms that the ECAR produced in the experiment is due to glycolysis. The difference between glycolytic capacity and glycolysis rate defines glycolytic reserve. ECAR, prior to glucose injection, is referred to as non-glycolytic acidification, which is caused by processes in the cell other than glycolysis. 12, 13 Pyruvate oxidation assay. Dissociated L4-6 primary afferents were incubated in DMEM (Millipore Sigma, Cat # D5030) without glutamine, and baseline OCR measurements were followed by the addition of pyruvate (1 mM, Millipore Sigma, Cat # S8636). The neurons were then treated with the PDHK inhibitor, DCA (20 mM). At the end of the assay, the mitochondrial pyruvate transporter inhibitor, UK5099 (10 mM, Millipore Sigma, Cat # PZ0160), was added. The OCR values obtained following the addition of UK5099 were subtracted from each of the other values to determine the pyruvate oxidation-dependent OCR.
Normalization of metabolic assays. After the completion of the metabolic assays, protein content was determined using Pierce TM BCA Protein Assay Kit (Thermo Fisher, Cat # 23225). The data obtained from the metabolic assays were normalized to the protein content.
Calcium imaging
Dissociated DRG cells were loaded with Fluo4-AM (1 mM, Thermo Fisher, Cat # F14217) for 30 min at 37 C in DMEM (Millipore Sigma, Cat # D5030). The cells were then transferred to a recording chamber placed on an inverted microscope (Olympus IX73, Japan). Images were captures using Micro-Manager 1.4 and analyzed with Fiji/ImageJ 1.52c software (NIH). Neurons measuring between 20 and 35 mm in diameter were analyzed. The E max and time to half maximum (t 1/2 ) were determined using Graphpad Prism 7. Cells were pretreated with vehicle, oxamate (40 mM), or DCA (20 mM) prior to the addition of glucose (10 mM) at 40 s time point. At the end of the assay, veratridine (30 mM), an inhibitor of voltage-gated sodium channel (VGSC) inactivation, was added. Veratridine is known to increase nerve excitability and intracellular calcium concentrations. 25 Cells that did not elicit calcium in transients in response to veratridine were not included in the analysis.
Western blotting
Protein was extracted from the L4-6 DRGs in lysis buffer (50 mM Tris HCl, 1% Triton X-100, 150 mM NaCl, and 1 mM EDTA at pH 7.4) containing protease and phosphatase inhibitor mixtures with an ultrasonicator on ice, and cleared of cellular debris by centrifugation at 14,000 relative centrifugal force for 15 min at 4 C. Fifteen micrograms of protein per well were loaded and separated by standard 7.5% or 10% SDS-PAGE. Proteins were transferred to Immobilon-P membranes (Millipore Sigma, Cat # IPVH00010) and then blocked with 5% dry milk for 3 h at room temperature. The blots were incubated with primary antibody overnight at 4 C and detected the following day with donkey anti-rabbit or goat anti-mouse antibody conjugated to horseradish peroxidase (1:10,000, Jackson Immunoresearch, Cat # 711-036-152, Cat # 115-036-062). Signal was detected by enhanced chemiluminescence on films. For assessment of phospho-proteins membranes were stripped and reprobed for total protein of interest for normalization. Densitometric analyses were done using UN-SCAN-IT 7.1 software (Silk Scientific Corp.). Primary antibodies include phospho-PDH Ser300 (1:1000, Millipore Sigma, Cat # ABS192), PDH, LDHA, PDHK1 (1:1000 Cell Signaling Technology, Cat # 3205, 3582, 3820), and beta-IIItubulin (1:50,000 Promega, Cat # G7121).
Statistical analysis and data presentation
Data are based on the means and the standard error of the means (AESEM). Graph plotting and statistical analysis used GraphPad Prism Version 7 (Graph Pad Software, Inc. San Diego, CA, USA). When analyzing evoked pain behavior data, two-way repeated-measures (RM) analysis of variance (ANOVA) followed by posthoc pairwise comparisons with Bonferroni correction was used. When analyzing CPA data, two-way ANOVA (pairing vs. treatment) was applied followed by post-hoc pairwise comparisons with Bonferroni correction. Difference scores compared the differences between test times and preconditioning time in each chamber for each mouse. The CPA difference scores, calcium imaging, and XF data were analyzed by oneway ANOVA, followed by Tukey post-hoc test. Western blot data were analyzed by either unpaired t-test or one-way ANOVA, followed by Tukey posthoc test. A priori level of significance at 95% confidence level was considered at P < 0.05.
Results
Bortezomib induces aerobic glycolysis in DRG neurons
Glycolysis and oxidative phosphorylation are the two major energy-producing pathways in the cell. Most cells possess the ability to switch between these two pathways, thereby adapting to changes in their environment. Glucose in the cell is catabolized through glycolysis to generate ATP and pyruvate. Pyruvate then enters the mitochondria and is oxidized through the Krebs cycle, ultimately generating ATP, CO 2 , and H 2 O while consuming oxygen. Pyruvate which is not oxidized gets converted to lactate and is extruded with a proton to the extracellular medium. The extrusion of protons results in the acidification of the medium surrounding the cell. 4, 12, 13, 26 The metabolic changes that bortezomib treatment might exert on sensory neurons were characterized by analyzing the glycolysis and oxidative phosphorylation rates using extracellular flux analyzer. 12, 13 The XF Analyzer directly and simultaneously measures the ECAR and the OCR, which are measures of glycolysis and respiration rates, respectively. 12, 13 The effect bortezomib treatment has on oxidative phosphorylation was measured in L4-6 DRGs dissected on day 10 using the Mito Stress Test. During the Mito Stress Test, baseline OCR measurements were followed by the addition of compound oligomycin which measures ATP-linked respiration. The compound FCCP measures maximal respiration which was significantly reduced in DRG neurons dissected from mice treated with bortezomib relative to the vehicle-treated group ( Figure 1(a) ; twoway RM ANOVA revealed a main effect for time (F(10, 110) = 85.6, P < 0.0001) and group (F(1, 110) = 5.801, P = 0.0177)). Post-hoc pairwise comparisons with Bonferroni correction revealed a significant (*P = 0.0147 and ****P < 0.0001) difference in maximal respiration between the vehicle and bortezomib-treated groups, six mice/group). At the end of the assay, a mix of rotenone and antimycin A was injected to measure non-mitochondrial respiration. This result demonstrates that bortezomib suppresses oxidative phosphorylation rates of DRG neurons.
The reduction in oxidative phosphorylation should result in cells utilizing glycolysis to produce the energy needed. To determine the impact bortezomib has on glycolysis of L4-6 DRGs on day 10, the Glycolysis Stress Test was used. During the Glycolysis Stress Test, DRG neurons are incubated in medium without glucose or pyruvate and the baseline ECAR is measured. Addition of glucose measures the glycolysis rate which is followed by the injection of oligomycin which inhibits mitochondrial ATP production and shifts the energy production to glycolysis. The consequent rise in ECAR measures the cellular maximum glycolytic capacity. Primary afferent neurons from mice treated with bortezomib displayed a significant increase in their glycolytic capacity relative to the vehicle-treated group ( Figure 1(b) ; two-way RM ANOVA revealed a main effect for time (F(11, 120) = 96.98, P < 0.0001) and group (F(1, 120) = 31.3, P < 0.0001)). Post-hoc pairwise comparisons with Bonferroni correction revealed a significant (****P = 0.0003 and ****P < 0.0001) difference in the glycolytic capacity between the vehicle and bortezomib-treated groups. Finally, 2-DG is injected which inhibits glycolysis by competitively binding to hexokinase, the first enzyme in the glycolytic pathway. The resulting decrease in ECAR confirms that the ECAR produced in the experiment is due to glycolysis. Noteworthy, DRG neurons have been demonstrated to be the major contributors to the OCR and ECAR Figure 1 . (a) Mito Stress Test of lumbar DRGs dissected and dissociated on day 10 following the initiation of the five-day bortezomib treatment. Mito Stress Test profile reveals reduced FCCP (4 mM)-induced maximum respiration in the bortezomib group relative to the vehicle-treated group (*P ¼ 0.0147 and ****P < 0.0001, six mice/group). (B) Dissociated lumbar DRGs demonstrate a Glycolysis Stress Test profile where bortezomib group have significantly elevated oligomycin-evoked maximum ECAR relative to the vehicle group (***P ¼ 0.0003 and ****P < 0.0001, six mice/group). Veh: vehicle; Bor: bortezomib; OCR: oxygen consumption rate; ECAR: extracellular acidification rate; Oligo: oligomycin; Rot/AA: rotenone/antimycin A; Gluc: glucose; 2-DG: 2-deoxyglucose; FCCP: . measures relative to the non-neuronal cells from DRGs. 18 Collectively, these data demonstrate that bortezomib alters the metabolic phenotype of sensory neurons in a manner consistent with aerobic glycolysis.
Bortezomib enhances the expression of LDHA and PDHK1 in DRGs
The maximal rate of respiration is mostly determined by substrate supply and oxidation while the spare respiratory capacity is a function of both basal and maximal respiration rates. 12 The Mito Stress Test revealed a reduced maximal respiration and spare respiratory capacities in response to bortezomib treatment (Figure 1(a) and (c) ). Pyruvate is one of the main substrates that is oxidized in mitochondria. This oxidation is carried out by the mitochondrial enzyme pyruvate dehydrogenase (PDH) which catabolizes pyruvate into acetyl-CoA. Acetyl-CoA enters the Krebs cycle to generate energy. Phosphorylation of PDH by pyruvate dehydrogenase kinase (PDHK) attenuates the rate of conversion of pyruvate to acetyl-CoA. 13 In order to determine the impact bortezomib treatment has on PDH phosphorylation, mice were treated with either vehicle or 0.2 mg/kg of bortezomib once a day for five consecutive days, and on day 10, L4-6 DRGs were dissected. Using Western blot analysis, a threefold upregulation in PDHK1 levels was observed following treatment with bortezomib (Figure 2(a) , t = 4.291, df = 6, **P = 0.0051, unpaired t-test, five mice/group). Moreover, twofold increase in the phosphorylation of PDH was observed on serine 300 in DRGs dissected from mice that were treated with bortezomib (Figure 2 (b), t = 2.7, df = 6, *P = 0.0356, unpaired t-test, five mice/group). These results elucidate the mechanism by which bortezomib treatment might attenuate the oxidative capacity of sensory neurons.
Pyruvate that does not undergo mitochondrial oxidation can get converted to lactate. This conversion is catalyzed by the enzyme LDH. Hence, Western blot analysis revealed that 10 days post bortezomib treatment, L4-6 DRGs display twofold increase in the expression of LDHA (Figure 2(c) , t = 2.534, df = 6, *P = 0.0444, unpaired t-test, five mice/group). This result support the extracellular flux assay where DRG neurons dissected from mice treated with bortezomib exhibit enhanced ECAR.
Blockade of LDHA and PDHK1 reverses bortezomib-induced metabolic phenotype
In an effort to determine if pharmacological inhibition of LDHA can reverse the glycolytic changes observed in sensory neurons in response to bortezomib, the following experiment was performed. L4-6 DRGs were dissected on day 10 following the initiation of the bortezomib treatment. This was followed by the Glycolysis Stress Test. After establishing baseline ECAR, glucose and oligomycin were injected to measure glycolysis and glycolytic capacity, respectively. Although glycolysis rates were not affected, DRGs dissected from mice treated with bortezomib displayed a significant increase in the glycolytic capacity. Next, oxamate was injected which caused a profound decline in ECAR. Oxamate is a compound which selectively inhibits LDH. [27] [28] [29] ECAR was further decreased following the injection of 2-DG, which inhibits glycolysis by targeting hexokinase (Figure 3(a) ; two-way RM ANOVA revealed a main effect for time (F(14, 150) = 47.35, P < 0.0001) and group (F(1, 150) = 23.95, P < 0.0001)). Post-hoc pairwise comparisons with Bonferroni correction revealed a significant (*P = 0.0101, **P = 0.0035) difference in glycolytic capacity (post oligomycin addition, six mice/group) between the control and the bortezomib-treated group). These results show that inhibition of LDHA by oxamate severely abrogates extracellular acidification.
The pharmacological inhibition of PDHK1 should normalize pyruvate oxidation and glycolytic capacity, thereby increasing respiration rates, while limiting extracellular acidification by diverting pyruvate away from LDHA-mediated lactate formation. [30] [31] [32] DCA is a selective inhibitor of PDHK. 30 Western blot analysis revealed that the treatment of DRG cultures with DCA for 10 min caused a profound reduction in the phosphorylation of PDH (Figure 3(b) , t = 10.24, df = 10, ****P < 0.0001, unpaired t-test, six wells/group). Moreover, pyruvate oxidation assay on L4-6 DRGs dissected from mice treated with either vehicle of bortezomib showed that treatment with bortezomib caused a significant reduction of baseline pyruvate oxidation relative to the vehicle-treated group (Figure 3(c) ). Addition of pyruvate did not alter OCR confirming that pyruvate production is not affected in both groups. However, the addition of DCA rapidly increased pyruvatedependent OCR demonstrating that inhibition of PDHK can normalize pyruvate oxidation ( Figure 3(c) ; two-way RM ANOVA revealed a main effect for time (F (7, 152) = 6.558, P < 0.0001) and group (F(1, 152) = 61.03, P < 0.0001)). Post-hoc pairwise comparisons with Bonferroni correction revealed a significant (*P = 0.0161, **P = 0.004) difference in pyruvate oxidation between the mice treated with vehicle or bortezomib. Glucose (10 mM) injection did not cause a significant difference in ECAR in either group. Oligomycin (5 mM) induces significantly higher ECAR in the bortezomib group which was dramatically reduced following the application of LDH inhibitor, oxamate (40 mM), in both groups (*P ¼ 0.0101, **P ¼ 0.0035, six mice/group). (b) Treatment of DRG cultures with DCA (20 mM) for 10 min reduces the phosphorylation of PDH on S300 (****P < 0.0001, six wells/group). (c) Pyruvate oxidation assay of dissociated L4-6 DRGs on day 10 post bortezomib treatment. DRGs dissected from mice treated with bortezomib display a reduced pyruvate oxidation. Additional pyruvate administration does not alter OCR of both groups. Treatment with the PDHK inhibitor, DCA (20 mM), normalizes the OCR of the sensory neurons dissected from mice treated with bortezomib. The mitochondrial pyruvate transporter inhibitor, UK5099 (10 mM), was added at the end of the assay to measure pyruvate-dependent OCR (vehicle vs. bortezomib *P ¼ 0.0161, **P ¼ 0.004, DCA vs. bortezomib ### P < 0.0001, 9-12 mice/group). (d) Glycolysis Stress Test profile of L4-6 DRGs dissected on day 10 post vehicle or bortezomib treatment. Following baseline measurement, either vehicle (Veh) or DCA (20 mM) was added to the cells. DCA treatment normalized the glycolytic capacity in cells dissected from mice treated with bortezomib (Bor!Veh vs. other groups ****P < 0.0001, 6-10 mice/group). Veh: vehicle; Bor: bortezomib; Oligo: oligomycin; Gluc: glucose; Oxa: oxamate; OCR: oxygen consumption rate; ECAR: extracellular acidification rate; DCA: dichloroacetate; UK: UK5099; 2-DG: 2-deoxyglucose; pPDH: phospho-pyruvate dehydrogenase.
Post-hoc pairwise comparisons with Bonferroni correction also showed that the treatment with DCA significantly ( ### P < 0.0001) elevated OCR of the sensory neurons dissected from bortezomib-treated mice relative to the baseline, 9-12 mice/group). Finally, pyruvatedependent OCR was determined by the addition of the mitochondrial pyruvate transporter inhibitor, UK5099.
The effect of PDHK inhibition on glycolysis was determined by performing the Glycolysis Stress Test on L4-6 DRGs dissected on day 10 post bortezomib treatment. After establishing baseline ECAR, DRG neurons were treated with either vehicle or DCA. This was followed by the addition of glucose which caused a significant reduction in ECAR in DCA-treated neurons dissected from the bortezomib-pretreated mice ( Figure  3(d) ). Crucially, the addition of oligomycin revealed that DCA normalizes the glycolytic capacity of DRG neurons dissected from bortezomib-pretreated mice (Figure 3(d) ); two-way RM ANOVA revealed a main effect for time (F(11, 240) = 297.1, P < 0.0001) and group (F(33, 240) = 1.687, P = 0.0144)). Post-hoc pairwise comparisons with Bonferroni correction revealed a significant (****P < 0.0001) difference in glycolytic capacity (post oligomycin addition) between the Bor ! Veh and the other groups, 6-10 mice/group). At the end of the assay, 2-DG was added to determine nonglycolytic ECAR. Collectively, these results show that pharmacological inhibition of PDHK profoundly reduces the phosphorylation of PDH, normalizing glycolytic capacity and pyruvate oxidation in DRG neurons excised from mice pretreated with bortezomib.
Bortezomib enhances calcium responses in DRG neurons and inhibition of LDH and PDHK attenuate them
Since bortezomib treatment enhances the glycolytic capacity of sensory neurons evidenced by the enhanced extrusion of protons, calcium imaging experiments were performed to determine the impact of the extrusion of metabolites on the induction of calcium responses. Lumbar 4-6 DRGs from mice that were treated with either vehicle or bortezomib were dissected on day 10. The DRGs were loaded with calcium probe Fluo4-AM. Imaging of DRG neurons was performed in DMEM without glucose, pyruvate, or glutamine. The cells were pretreated with vehicle, oxamate, or DCA and baseline measurements were made for 40 s. At the 40-smark, glucose was added and imaging of calcium responses continued for another 400 s. Addition of glucose led to a significant increase in the calcium responses of neurons excised from bortezomib-treated mice relative to the vehicle group (Figure 4(a) ). Neurons with diameters measuring 20-35 mm were analyzed. Glucose addition revealed a significantly higher maximum response, E max , in DRG neurons dissected from mice pretreated with bortezomib relative to the vehicle-pretreated groups. Treatment with DCA caused a significant reduction in the E max of calcium responses in neurons pretreated with bortezomib (Figure 4(b) , One-way ANOVA revealed a significant difference between the groups (F(5, 148) = 65.58, P < 0.0001). Tukey posthoc analysis revealed significant (**P < 0.0092, ****P < 0.0001) difference between the Bor þ Veh and the other groups (20-30 neurons from five animals/group). Treatment of DRG neurons with oxamate or DCA significantly extended the time to half-maximum, t 1/2 , in response to glucose addition in both the vehicle and bortezomib pretreated groups ( Figure 4(c) ; F(5, 148) = 128.3, P < 0.0001). Tukey post-hoc analysis revealed significant (****P < 0.0001) difference between the vehicle and the drug-treated groups (20-30 neurons from five animals/group). Oxamate is a noncompetitive inhibitor of LDH, known to reduce the rate of conversion of pyruvate to lactate. 33 Analysis of calcium responses captures this aspect of LDH enzymology where oxamate extends the time to half-maximum without significantly influencing the E max . In contrast, DCA enhances the mitochondrial oxidation of pyruvate diverting it away from the LDH mediated conversion to lactate. This reaction robs LDH of its substrate thus causing a reduction in the E max as well as extending the time to halfmaximum. Collectively, these results show that DRG neurons dissected from mice pretreated with bortezomib display a significantly higher extracellular acidification and calcium responses relative to the vehicle pretreated group. Crucially, the blockade of LDHA or PDHK attenuates both parameters.
Inhibition of LDHA and PDHK1 alleviates bortezomib-induced pain
The role of increased extracellular acidification in promoting allodynia was measured in mice treated with either vehicle or bortezomib. On day 10, bortezomibtreated mice display a profound tactile hypersensitivity measured by von Frey filaments. Both vehicle and bortezomib groups received IP treatment with either vehicle or oxamate. Oxamate reversed the tactile hypersensitivity for several hours in the bortezomib treatment group without affecting the tactile thresholds of the vehicle group ( Figure 5(a) ; two-way RM ANOVA revealed a main effect for time (F(7, 28) = 59.76, P < 0.0001) and group (F(3, 12) = 266.8, P < 0.0001)). Post-hoc pairwise comparisons with Bonferroni correction revealed a significant ( ### P < 0.0001) difference between the bortezomib and the vehicle groups treated with either vehicle or oxamate. Post-hoc pairwise comparisons with Bonferroni correction also revealed a significant (****P < 0.0001) difference between the bortezomib ! vehicle and bortezomib ! oxamate groups, five mice/group). These results demonstrate that increased extracellular acidification due to enhanced glycolysis causes allodynia.
Metabolism is crucial for cellular development and healthy function. Hence, to avert adverse events that a complete loss of metabolic gene can cause, a knockdown approach was used to attenuate the expression of LDHA. Intrathecal delivery of 2-5 mg of siRNA for three to four days into the general lumbar region has been shown to knockdown a gene of interest both in lumbar DRGs and spinal cord. [34] [35] [36] Crucially, knockdown of LDHA will not completely eliminate the target gene and it is reversible. Hence, IT administration between L4 and L5 vertebrae of only 1 mg of siRNA (using i-Fect transfection reagent for two consecutive days) that targets LDHA gene reversed the allodynia associated with bortezomib-induced pain ( Figure 5(b) ; two-way RM ANOVA revealed a main effect for time (F(3, 62) = 53.23, P < 0.0001) and group (F(3, 62) = 135.4, P < 0.0001)). Post-hoc pairwise comparisons with Bonferroni correction revealed a significant ( ### P < 0.0001) difference between the bortezomib and the vehicle groups. Post-hoc pairwise comparisons with Bonferroni correction also revealed a significant (****P < 0.0001) difference between the Bor ! IT LDHA siRNA and Bor ! IT control siRNA, five mice/ group). Since the distance between L4-6 DRGs and the spinal cord section that is innervated by L4-6 DRGs is around 17 mm, 37 this injection paradigm limited the reduction of LDHA levels to L4-6 DRGs, without affecting L4-6 spinal cord ( Figure 5(c) and (d) ; oneway ANOVA revealed a significant difference between the groups (F(3, 16) = 10.61, P = 0.0004)). Tukey posthoc analysis revealed significant (*P = 0.0363, ***P = 0.0002) difference between bortezomib þ control siRNA and the other groups, five mice/group). These data demonstrate that normalizing LDHA levels was sufficient in alleviating bortezomib-induced allodynia. The control groups received siRNA in i-Fect that does not target any mouse genes.
The role of pyruvate oxidation in bortezomib-induced pain was explored next. Similar to the aforementioned experiment, 10 days following bortezomib treatment mice were injected with IP DCA. DCA normalized tactile hypersensitivity for several hours in the bortezomib group without adversely affecting the tactile thresholds of the control group ( Figure 6(a) ; two-way RM ANOVA revealed a main effect for time (F(7, 128) = 49.69, P < 0.0001) and group (F(3, 128) = 554.4, P < 0.0001)). Post-hoc pairwise comparisons with Bonferroni correction revealed a significant ( ### P < 0.0001) difference between the bortezomib and the vehicle groups treated with either vehicle or DCA. Post-hoc pairwise comparisons with Bonferroni correction also revealed a significant (****P < 0.0001) difference between the bortezomib ! vehicle and bortezomib ! DCA groups, five mice/group). IT administration of siRNA (1 mg) that targets PDHK1 reversed the bortezomibinduced allodynia ( Figure 6(b) ; two-way RM ANOVA revealed a main effect for time (F(3, 62) = 75.01, P < 0.0001) and group (F(3, 62) = 181.3, P < 0.0001)). Posthoc pairwise comparisons with Bonferroni correction revealed a significant (####P < 0.0001) difference between the bortezomib and the vehicle groups. Posthoc pairwise comparisons with Bonferroni correction also revealed a significant (****P < 0.0001) difference between the Bor ! IT PDHK1 siRNA and Bor ! IT control siRNA, five mice/group). Western blot analysis of L4-6 DRGs confirmed knockdown of PDHK1 in the DRGs but not in the spinal cord (Figure 6 (c) and (d); one-way ANOVA revealed a significant difference between the groups (F(3, 16) = 16.19, P < 0.0001). Tukey post-hoc analysis revealed significant (*P = 0.02, ***P = 0.0002) difference between bortezomib þ control siRNA and the other groups, five mice/group) and L4-6 spinal cord).
Paresthesia and dysesthesia are common clinical symptoms of CIPN which cannot be measured using reflexive behavioral assays (von Frey). Hence, CPA assay was developed to determine if targeting LDH or PDHK alleviate pain/dysesthesia. This study uncovered increased extracellular acidification due to enhanced glycolysis as a mechanism that contributes to bortezomibmediated pain. This suggests that promoting glycolytic flux should exacerbate bortezomib-induced pain. Using a single-trial conditioning protocol in the CPA experiments, 38, 39 baseline measurements were performed for 30 min when mice were exposed to the environment with full access to all chambers. The next day, in the morning the mice received IP saline paired with a randomly chosen chamber for 30 min and 3-4 h later, IP glucose, paired with the other chamber for 30 min. It should be noted that food was withheld between the saline and glucose treatments (3-4 h) which allows for a rapid spike in the levels of plasma glucose peaking at around 15-30 min and normalizes by 60 min. 24 On the test day, 20 h posttraining, mice had free access to all chambers. Movement and duration of each mouse spent in each chamber were recorded for 30 min for analysis of chamber aversion ( Figure 7(a) ; two-way RM ANOVA revealed a main effect for group (F(6, 144) = 4.072, P = 0.0008)). Post-hoc pairwise comparisons with Bonferroni correction also revealed a significant (**P = 0.001) difference between the saline and glucosepaired groups in mice pretreated with bortezomib, 10 mice/group). Difference scores were calculated as test time minus baseline time spent in the drug chamber ( Figure 7(b) ; one-way ANOVA revealed a significant difference between the groups (F(5, 51) = 2.432, P = 0.0472)). Tukey post-hoc analysis revealed significant (*P = 0.04) difference between vehicle and bortezomib groups, 10 mice/group). Glucose administration induced CPA in mice pretreated with bortezomib while the vehicle-pretreated mice did not show aversion to either chamber. The peak anti-allodynic effect of oxamate and DCA was determined to be between 2-3 h and 1-2 h, respectively (Figures 5(a) and 6(a) ). Hence, IP oxamate and DCA were administered 2 h and 1 h prior to the glucose treatment, respectively. Both oxamate and DCA blocked the CPA produced by glucose administration in the bortezomib pretreated mice (Figure 7(a) and 7(b) ). Neither oxamate nor DCA affected the chamber preference of mice in the vehicle group. Collectively, these results demonstrate that the enhancement of glycolytic flux due to aerobic glycolysis promotes pain/dysesthesia following bortezomib treatment. Moreover, targeted inhibition of the enzymes that maintain this metabolic phenotype might serve as a valid therapeutic strategy for treating bortezomib-mediated pain.
Discussion
The adverse effect bortezomib has on mitochondria of sensory neurons has been long-established. 16 Moreover, paclitaxel has been demonstrated to enhance glycolysis while reducing oxidative phosphorylation in sensory neurons. 18 However, the molecular mechanisms that sustain changes in the metabolism of primary afferents and how these changes cause pain have remained elusive. This study demonstrates that bortezomib alters the metabolic phenotype of sensory neurons in a manner consistent with aerobic glycolysis. Bortezomib enhanced the expression of PDHK1 which phosphorylates PDHA attenuating pyruvate oxidation. Moreover, bortezomib treatment enhanced the expression of LDHA which catalyzes the conversion of unoxidized pyruvate to lactate (Figure 8) . Crucially, inhibition of PDHK1 and LDHA (1) reversed the biochemical changes, (2) normalized the metabolic phenotype which abrogated extracellular acidification, (3) normalized or delayed glucose-induced calcium responses, and (4) alleviated bortezomib-induced pain. These results establish aerobic glycolysis as a mechanism that drives bortezomib-mediated CIPN.
The key feature of aerobic glycolysis is the reliance on glycolysis for energy production which leads to enhanced extrusion of metabolites (protons and lactate) which can sensitize primary afferents through wellestablished mechanisms (Figure 8 ). Sensory neurons express distinct combinations of several types of proton-gated channels which include transient receptor potential vanilloid receptor-1 (TRPV1), 40, 41 acid-sensing ion channels (ASICs), 42, 43 certain two-pore domain potassium channels (TWIK and TASK), 44 and purinergic P2X receptors. 45 Moreover, lactate enhances the ASIC response to protons 46 and potentiates the electrophysiological properties of VGSCs. 47 Lactate is also known to potentiate toll-like receptor (TLR) signaling. 48 This is particularly relevant to CIPN where chemotherapeutics have been shown to activate and recruit the innate immune system to the DRGs via TLRs. [49] [50] [51] Hence, chemotherapy-induced aerobic glycolysis might activate and recruit immune cells into the DRGs. Activated immune cells can release a multitude of proinflammatory mediators that further sensitize DRG neurons 52 leading to increased generation of action potentials where glycolysis provides the majority of the energy. This leads to increased release of metabolites which would exacerbate the sensitization of DRG neurons and extend the activation of immune cells. This bidirectional regulatory mechanism between the immune system and sensory neurons might underpin the maintenance of CIPN that can outlast the chemotherapy administration.
Glycolysis is less efficient in producing ATP than oxidative phosphorylation. Moreover, reduced levels of ATP have been demonstrated to correlate with the pain phenotype following chemotherapy treatment. This has led to the proposal of a hypothesis that links deficits in ATP production to pain due to CIPN. 15, 18, 52 However, several lines of evidence refute this hypothesis.
(1) Energy deficits would result in the activation of AMP-activated protein kinase (AMPK). [53] [54] [55] [56] The pharmacological activation of AMPK has been demonstrated to prevent the development of CIPN. 57 (2) CIPN is associated with increased frequency of action potentials in sensory nerves. 17, 58 Given that a single action potential can consume up to a billion ATP molecules, 5-9 the reduction of ATP levels seen in many CIPN studies are very likely due to the increased consumption of ATP rather than its production. (3) Despite being less efficient than oxidative phosphorylation in producing ATP, glycolysis can maintain cellular energetics during energy intensive processes in many cell types. For instance, activated and proliferating immune cells acquire the aerobic glycolysis phenotype. 59 Moreover, aerobic glycolysis is the most prevalent metabolic phenotype of cancer cells.
60 (4) This study tests this hypothesis by administering glucose which would augment glycolytic and mitochondrial ATP production. To support the hypothesis, glucose administration must alleviate pain in bortezomib-treated mice. However, we demonstrated that the enhancement of glycolytic flux increased calcium responses and exacerbated pain, suggesting that the pain in response to bortezomib treatment is not related to ATP levels. Moreover, limiting the production of lactate and protons blocks pain in bortezomib-treated mice. induced CPA in bortezomib-pretreated mice on day 10 post chemotherapy. BL measurements ensured that absence of chamber bias prior to conditioning. After a single-trial conditioning protocol, bortezomib-pretreated mice spent significantly shorter time in glucose-paired chamber, whereas vehicle-pretreated mice showed no chamber preference. Treatment with oxamate (IP 500 mg/kg) or DCA (IP 500 mg/kg) blocked the CPA produced by glucose administration (**P ¼ 0.001, 10 mice/group). (b) Difference scores (test time -baseline time spent in glucose-paired chamber) demonstrate that glucose produced CPA in bortezomib-but not vehicle-pretreated mice. Treatment with oxamate or DCA blocked the glucose-induced CPA (*P ¼ 0.0488, 10 mice/group). Veh: vehicle; Bor: bortezomib; Oxa: oxamate; BL: baseline; DCA: dichloroacetate.
Collectively, these results suggest that the pain associated with CIPN is not due to deficits in ATP levels but related to the augmented production of metabolites due to aerobic glycolysis.
During glycolysis, the oxidation of glyceraldehyde-3-phosphate to 1,3-bisphosphoglycerate by glyceraldehyde-3-phosphate dehydrogenase reduces cytosolic pool of NAD þ to NADH. The conversion of pyruvate to lactate by LDH is a crucial reaction for the regeneration of cytosolic pool of NAD þ , which is indispensable for sustaining glycolysis. This suggests that strategies that enhance NAD þ levels would replenish the cytosolic pool, counteracting LDH-mediated regeneration of NAD þ and production of lactate. Such a strategy has been shown to alleviate paclitaxel-induced pain where cellular NAD þ levels were augmented either via supplementation of its precursor 19 or enhancement of its synthesis. 20 These studies further support aerobic glycolysis as the principle mechanism that sustains CIPN.
Aerobic glycolysis in primary afferents might also elucidate the distinct clinical characteristics of CIPN. Chemotherapeutics are known to predominately affect sensory neurons with long axons. Long axons significantly add to the bioenergetic requirements of neurons to reestablish resting membrane potential following action potentials. 61 Chemotherapy-induced aerobic glycolysis in sensory neurons could potentially lead to increased reliance on glycolytic pathways in neurons with long fibers. This might be a mechanism by which length-dependent distal sensory neuropathy develops. Moreover, the augmented bioenergetic requirements would divert nutrients away from biosynthetic pathways that are crucial for maintaining axonal structure. 62 This can potentially result in the loss of intraepidermal innervation that leads to distal sensory loss and reduced reflexes which are observed with chemotherapy use in patients. 22, 63 Perhaps the most compelling evidence that affirms the role of aerobic glycolysis in the pathobiology of CIPN originates in failed clinical trials. These trials include lipoic acid which proved to be ineffective in treating CIPN while acetyl-L-carnitine exacerbated pain. 64 Lipoic acid is a cofactor critical for PDH function. 4 However, this study demonstrates that bortezomib enhances the expression of PDHK1 in sensory neurons which in turn phosphorylates PDH suppressing its activity. Hence, supplementing a cofactor (Lipoic acid) for an inactive enzyme (PDH) would not be effective in treating CIPN. Furthermore, bortezomib ( Figure 1 ) and paclitaxel 18 treatment enhance glycolysis, which can sensitize primary afferents due to increased extracellular acidification. It is well-established that acetyl-L-carnitine potentiates glycolysis, [65] [66] [67] [68] which might have been the underlying cause of increased paclitaxel-induced pain severity in a clinical trial. 64 A crucial consideration in the development of novel therapies for CIPN is that they must not interfere with anticancer treatments. Otto Warburg postulated that aerobic glycolysis is the fundamental cause of cancer. 10, 69 The Warburg effect is estimated to occur in up to 80% of cancers, and positron emission tomography has demonstrated that >90% of human cancers exhibit increased glucose uptake indicating aerobic glycolysis is a pervasive property of the malignant phenotype. 60 Crucially, targeting LDH or PDHK using oxamate or DCA, respectively, have been shown to potentiate anti-cancer therapy. [70] [71] [72] [73] [74] [75] [76] [77] [78] [79] [80] [81] [82] [83] [84] [85] [86] [87] Hence, therapeutic strategies that prevent the conversion of pyruvate to lactate (inhibition of LDH) or promote its mitochondrial oxidation (inhibition of PDHK), might serve as a valid therapeutic strategy for not only treating CIPN but potentially enhancing anti-cancer therapy.
In conclusion, these results elucidate the mechanisms by which bortezomib-induced CIPN reprogram the metabolism of sensory neurons in a manner consistent with aerobic glycolysis. Moreover, this study uncovers the mechanisms by which this altered metabolic phenotype causes pain. Crucially, the data reveal that targeted inhibition of the enzymes that maintain aerobic glycolysis can serve as a valid strategy for treating CIPN-a highly significant clinical challenge.
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